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Abstract

This report presents an idea for the uniform description of phenomena asso-
ciated with electrical explosion of wires and electric fuses, based upon the fact of
disintegration of wires into parts with definite spacing. In particular, observations
concerned with pre-arcing energy, cutoff currents, peak voltages, and current
pause are explained,
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Chain of Arcs as a Determining
Factor in Explosion of Wires

1. INTRODUCTION

In recent years, research has revealed that the process of destruction of a
wire by short-circuited currents cannot be treated as uniform heating and evapora-
tion of the wire adiabatically (Chace and Moore, 1959). In reality, the wire gets
torn to pieces, probably under the influence of magneto-thermo-elastic forces
(Hrynczuk), and arcing occurs between the scparate segments (Wrana, 1939;
Nasilowski; Baxter, 1962; and Barrington, 1956). Up until now, research has made
it possible to calculate the expected number of short arcs for the case of a wire
disintegrating into drops, or for the disintegration of a wire surrounded by sand
into segments, resulting in the so-called striated disintegration.

The development of future research will depend mostly upon the creation of a
general hypothesis that will explain simultaneously a large number of effects, e¢ach
of which is now explained by a different theory, explained only partially, or not
explained at all.

There exists a justified basis for belief that the effects resulting from the
explosion — such as pre-arcing energy, cutoff current, and current pausce — depend
upon the number of arcing breaks in the fuse wire as well as their rate of forma-
tion, This assumption permits one to make a hypothesis useful for judgment and
prediction of results of physical experiments, as well as for testing of fuses, which
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are undoubtedly the oldest technological application of this phenomenon. The
physical processes which occur in fuses are the same as those which occur in only

recently-discovered applications of exploding wires.

2. PROBLEM OF PRE-ARCING ENERGY

According to authors interested in the disintegration of wires as applicable to
fuses during the pre-arcing period, the total energy supplied to a fuse is at most
that energy necessary to raise the temperature of the wire to its melting point
with the eventual partial absorption of energy by the melting of the metal (Baxter,
1962; Barrington, 1956; and Lucchi, 1949).

Different authors who have studied the phenomenon of destruction of wire with
sharp rise times in current, report that during the pre-arcing period it is possible
to deliver more energy to the wire than is needed to melt or even evaporate com-
pletely the whole mass of wire (Chace and Moore, 1959; Wrana, 1939; Barrington,
1956; Kvartskhava, 1956; and Keilhacker, 1960).

Here, the inconsistency is so large that it cannot be blamed upon experimental
errors. One must therefore assume that the process of destruction of wire by the
current is not a simple sequence of phase transitions of a metal being heated by the
current,

The results described above can be explained if one takes into consideration
the fact that breaks form in the wire and hamper the flow of energy to the rest of
the fuse wire by stopping the curren’ flow. The total energy delivered to the fuse
wire during the pre-arcing period can be considered to be the result of competition
between two phenomena (Nasilowski, 1961):

(1) Rapid increase in current which causes heating of the wire and its disinte-
gration,

(2) Break-up of the wire into pieces as a purely mechanical phenomenon,
which, once begun, is to some degree independent of the current which caused it.

6 amp/sec) then the

If the current does not increase too quickly (104 to 10
break-up of the wire into segments will succeed in preventing the flow of energy
{o the rest of the wire before too much of it gets there. In such a case, the
average temperature of the wire during its disintegration might even be less than
the melting temperature (Barrington, 1956).

However, when the current grows very quickly (107 to 109 amp/sec) which is
usual in experiments where the current sources are high-voltage capacitors with
negligible inductance, then the flow of energy is no longer limited by the regular
formation of the breaks in the wire. Hence one can deliver more energy to the

wire than is needed to melt all of the mass of the wire (Keilhacker, 1960). Thus




before the fuse wire loses its mechanical continuily, its mass may absorb more
energy than the amount needed to melt or even evaporate the wire, provided that
the rate of energy transfer is sufficiently high; this means a fast rise time of the

short-circuited current.

3. PROBLEM OF CUTOFF CURRENT

According to the traditional explanation of the mechanism of the fuse, the
value for the cutoff current is obtained from the equation (Lipski, 1963)

t
p
f i2at-s2K (1
0 Zz

in which t_ is the pre-arcing period for the fuse, Sz the cro. s-section of the fuse
wire in mmz, and K a constant depending on the material used for the fuse wire
(KCu = 100, 000 ampzsec/m4).

Knowing the value of the right side of Eq. (1) as well as the dependence of
current on time, one can calculate the value of the cutoff current, Ilim‘ It follows
from the work of Lipski (1963) that Eq. (1) can be treated only as the first order
approximation; and in spite of the large errors resulting from the approximation,
Eq. (1) is useful in the design of fuses.

Equation (1), however, does not explain the dependence of the cutoff current
on the length of the wire (Leonard). It has been demonstrated that shortening of
the wire increases the value of the cutoff current. Also, from Eq. (1) one can-
not see the observed dependence oi fi2 dt on the voltage used in the circuit
(English Electric), By lowering the voltage to 2,3 or 1/3 of the nominal voltage,
one obtains a significant decrease in the value of Ji” dt with fuses of the same
construction and expected currents.

An explanat.on of these dependences becomes simple if one accepts the con-
tent of the previous section and develops consequences of the following assump-
tion:

"As the wire gets longer, more breaks occur in ii per unit of time. Thus
the limiting of the growing current occurs earlier, and the decay of the current
occurs more rapidly, thereby shortening the arcing period for the fuse. The
value of the integral f i dt over the time of current flow will correspondingly

decrease, "



L. PROBLEM OF OVERVOLTAGE DURING THE DISINTEGRATION OF WIRE

The cause of large overvoltages during the disintegration of fuse wires is the
rapid limiting of the short-circuited currents. As a result, the energy stored in
the magnetic field of the circuit, 1/2 LI izim’
arcing gets converted into electrostatic energy 1/2 CU2 (Jakubowski, 1951),

being unable to discharge through

Equating the two expressions for energy, one obtains the value for the overvoltage:

: " L .
Ilim C (2)

From this equation it follows that with negligible capacitances of the circuit
during the action of the fuse, large voltages occur which, by the way, has been ob-
served in practice,

As demonstrated by Baxter (1962), one can influence the magnitude of the
overvoltage by appropriate choice of components for construction of a fuse. The
dependence given by Baxter of overvoltages on the length of the wire, its diameter,
granularity of the cooling sand, and induction of the circuit can be explained
(Nasilowski, 1967) with the help of the following assumptions.

(1) Maximum value of the voltage across the fuse is proportional to the num-
ber of short arcs (Baxter, 1962) formed as a result of the disintegration of the
wire into pieces,

(2) Average value of the peak voltage across a single gap cannot be greater
than a constant (for copper wires in sand, it is about 50 volts).

(3) Voltage across the fuse wire stops growing when all of the energy stored
in the magnetic field is used up, and the wire can no longer break up into smaller
segments,

Full explanation of the curves obtained by Baxter based on the above assump-

tions is contained in the work of Nasilowski (1967).

3. PROBLEM OF CURRENT PAUSE

The occurrence of a current pause is not usually observed in the case of
fuses. Its very occurrence would mean disqualification of the design for that fuse,
and the only time that it is observed is during tests of various designs. The oc-
currence of current pause can be prevented by appropriate elongation of the fuse
wire,

It follows from the data that the current pause observed under given condi-

tions (l'o, d) occurs only when the length of the wire is between appropriate limits
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Figure 1. Regions of Practical Applications of Exploding Wires

(Figure 1), Then its time of duration is proportional to the length of the wire
(Cnare and Neilson).

In the event of the current pause, an important variable is either the stabilized
voltage in the circuit or the residual voltage of the capacitor (if the capacitor were
used as an energy source in the experiment). When the chain of gaps in the wire
does not break down under that voltage, then the current pause is infinitely long
and one would be dealing with fuses.

If breakdown occurs across the gaps™ during the growth of overvoltage, then
the current pause has zero length. On this principle, one constructs electric
detonators for rockets or any other device in which one desires almost complete
discharge of a capacitor. The two regions of practical application of exploding
wires are separated by the region in which the current pause has a finite value
(Figure 1). Thus the study of current pause is of key value in all practical appli-
cations of exploding wires.

Figure 1 shows that the current pause is proportional to the length of the wire,
and because of the regular break-up of the wire into segments (Nasilowski), it
must be proportional to the number of breaks in the wire, The jump of the curve
at the point lmin
and gets broken by discharge. Asymptotic behavior of the curve at J must

max
follow from the fact that the probability of breakdown in a chain of gaps of suf-

indicates that a short fuse wire is unable to hold the overvoltage

ficient length goes to zero.

* Here, breakdown means the inability of the chain of gaps to stop the current
flow.



In the case of a fuse with sand, the intense cooling of the liquid metal by the
grains of sand stabilizes the arcing gaps after a radial explosion of the rest of the
wire (Nasilowski), thereby increasing the resistance of individual gaps. In the
case of the explosion of wire in air or in vacuum, the turbulent motion of pieces
of metal in the radial direction may fill up some of the gaps, thus decreasing the
resistance against breakdown of the whole chain of remaining gaps. Low pressure,
which may occur in the post explosive channel along the axis of a wire (Nasilowski),
may also ease the breakdown along the channel,

If one applies a hypothesis to the data (Figure 2) given by Eiselt (1952) that
the length of the current pause depends on the average value of voltage across a
single arcing break and then recalculates Eiselt's results (Table 1), then one
obtains a family of curves (Figure 3) for different diameters of the wire rather
than one "not understood' curve given in Figure 2. This agrees with results ob-
tained by other authors studying the current pause (Chace and Moore, 1959; and
Chare and Neilson),

Recalculating Eiselt's results, it was assumed that the length of subdivisions
of wire is a linear function of the diameter d, of th. wire (Nasilowski), and it was
arbitrarily assumed that the relation is h = 5d. In reality, one still does not know
the length of subdivisions for explosion of wire in air, Determination of this rela-
tion may change the numerical results of caiculations, but it will not change the
physical explanation and the character of the behavior of the obtained family of
curves on Figure 3,

According to Eiselt, the dependence of current pause r on the residual voltage
is the same for all diameters of copper wire (Figure 2)

r - f(—IB) (3)
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Table 1.

Assuming that Subdivisions are According to Relation h = 5d.

Recalculation of Eiselt's (1952) Result for a Single Arcing Gap,

are 6 m long

Copper wires

U Diameter U. = Ii Symbol
“pmet | —— | camre | v, |2 LR

(u8) (V/em) [ (mm) ) wE V) diagram
12 500 0.14 3000 86 34.9 A

9 600 0.14 3600 86 41,9 A

8 700 0.14 4200 86 48.9 A

7 200 0. 14 5400 86 62.8 A
13 500 0.12 3000 100 30 X
10 550 0.12 3300 100 33 X

9 650 0.12 3900 100 39 X

8 750 0.12 4500 100 45 X

6 950 0.12 5700 100 57 X

5 1050 0.12 6300 100 63 X

4 1250 0.12 7500 100 75 X

2.4 1500 0.12 9000 100 90 X

2 1650 0,12 9800 100 99 X

7 950 0.11 5700 109 52,3 ®

4.4 1250 0.11 7500 109 68.8 ™

3 1375 0.11 8250 109 75.8 ®
13 575 0.10 3450 120 28.8 o

8 625 0.10 3750 120 31,3 Te)

7 700 0.10 4200 120 35.0 le)

6 750 0.10 4500 120 37.5 o

6 850 0.10 5100 120 42.5 o

7 800 0.08 4800 150 32,0 o

6.3 900 0.08 5400 150 36,0 o

5 1000 0.08 6000 150 40.0 o]

4 1050 0. 06 6300 200 31.5 +

4 1200 0. 06 7200 200 36,0 +

3 1300 0. 06 7800 200 39,0 +
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Figure 3. Eiselt's Data from Figure 2 Calculated for One
Arcing Gap, Assuming that Dependence of Length of the Sub-
Division is Based on h = 5d

where U_ is the residual voltage in the capacitor across the chain of gaps in the
wire of length L.

Experiments show that the points in Eq. (3) lie on a hyperbola (Figure 2}

K

r:m- (4)

For a fuse wire with subdivisions of length h, one can write1 = nh, where n
is the number of subdivisions. Thus we have

T Tn (5)

where Up/n is the average value of voltage across a single gap.

Treating analogously the results of the work of one author (Nasilowski) one
sees that here also there is a linear dependence of the length of a subdivision on
the diameter, d, of the wire. Writing in general form h = a+bd, one obtains

Q.

K
K{a+bd) _ 29, ..
__Ul___. = K1+_U—;_O (6)

This kind.of behavior can be observed in Figure 3.



Considering the above, one can point out the following properties of the cur-
rent gap:

(1) The length of the current pause depends on the value of the voltage across
the chain of gaps in the wire; that is, depends on the average voltage across a
single gap.

(2) In the region of its occurrence, the current pause gets longer proportion-
ally to the number of breaks in the wire,

(3) The current pause disappears when the chain of gaps cannot hold the
growing overvoltage on the wire (v = 0),

(4) The current pause becomes infinitely long when the arcing voltage is
unable to break down the chain ¢f gaps in the fuse wire (7 = ®) ,

(5) Increase of the diameter of the wire lengthens the current pause,

6. PROBLEM OF THE ABILITY OF A FUSE TO SWITCH OFF

It is intuitively obvious that the ability of a fuse to switch off the current in-
creases with lengthening of the fuse wire; that is, by increasing the number of
breaks in it. This follows from the considerations of the current pause, in par-
ticular from Figure 1,

However, lengthening of the fuse permits creation of larger overvoltages
which are limited by the amount of energy stored in the magnetic field, and by
linear dependence on the number of breaks in the fuse wire, Detailed analysis of
the action of a fuse in breaking a short circuit is given in the work of another
author (Nasilowski).

7. CONCLUSIONS

Considering the events accompanying the explosion of wire and the number of
parts into which the wire breaks up, leads to a relatively simple and unified ex-
planation of the results obtained during physical experiments and studies of fuses.
This creates a possibility of working out a general theory for the process of
electrical explosion of wires, which can be useful for various technological appli-
cations. Studies of exploding wires permit one to learn the properties of short
arcs, treated probabilistically.
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